Magnetic field and angle dependences of the critical current density J c ͑H , ͒ in epitaxial c-oriented YBa 2 Cu 3 O 7−␦ thin films are measured by the four-probe transport current technique, low-frequency ac magnetic susceptibility, and superconducting quantum interference device magnetometry. The films under study are deposited by off-axis dc magnetron sputtering onto r-cut sapphire substrates buffered with a CeO 2 layer. A consistent model of vortex pining and supercurrent limitation is developed and discussed. Rows of growthinduced out-of-plane edge dislocations forming low-angle boundaries ͑LAB's͒ are shown to play a key role in achievement of the highest critical current density J c ജ 2 ϫ 10 6 A/cm 2 at 77 K. The model takes into account the transparency of LAB's for supercurrent as well as the pinning of vortex lattice on a network of LAB's. Principal statistical parameters of the film defect structure, such as the domain size distribution and mean misorientation angle, are extracted from J c ͑H͒ curves measured in a magnetic field H applied parallel to the c axis and from x-ray diffraction data. An evolution of angle dependences J c ͑͒ with H is shown to be consistent with the model supposing dominant pinning on edge dislocations. Strongly pinned vortices parallel to the c axis appear to exist in tilted low magnetic fields up to a characteristic threshold field, below which the magnetic induction within the film obeys a simple relation B = H cos . This feature is shown to explain the absence of the expected maximum of J c ͑͒ at H ʈ c in a low applied field. A peak of J c ͑H͒ and an angular hysteresis of J c ͑͒, which have been observed in an intermediate-field range, are discussed in terms of film thickness, surface quality, and orientation of the applied field. The observed effects are found to be consistent with the developed model.
I. INTRODUCTION
The highest critical current density J c in high-temperature superconductors ͑HTS's͒ at temperature T = 77 K is known to be reached in quasi-single-crystal YBa 2 Cu 3 O 7−␦ ͑YBCO͒ c-axis-oriented epitaxial thin films. 1, 2 A few models were proposed in order to describe J c behavior in YBCO films in an applied magnetic field H at different orientations. The models are distinguished by the nature of pins and by the pinning mechanisms of Abrikosov vortices. The mechanisms are responsible for particular J c ͑H , ͒ dependences, where is the angle between the applied magnetic field and the film c axis. The most effective pinning centers are supposed to be ͑i͒ linear, extended crystal defects-cores of edge dislocations ͑ED's͒-i.e., nonsuperconducting threads with approximately the same cross section as the coherence length in the ab plane ab ͑Ref. 3͒; ͑ii͒ planar, two-dimensional defects-twins 4 and antiphase boundaries; 5 ͑iii͒ uncorrelated ͑randomly distributed͒ pointlike defects-oxygen vacancies and/or normal phase inclusions; 6, 7 and ͑iv͒ the film surface and its irregularities. 8 The measurement of angle dependences of J c at various fields is a sensitive tool for distinguishing different pinning mechanisms and involved pinning centers. It is well known that pinning on correlated one-dimensional 9 ͑linear͒ or two-dimensional 10 ͑planar͒ defects in bulk single-crystal superconductors results in the corresponding behavior of J c ͑H , ͒ dependences. If extended linear and/or planar pins are aligned, a maximum of the J c ͑H , ͒ dependence should emerge when the direction of the applied magnetic field coincides with the direction of the aligned defects. 9, 10 Such an effect was expected to be a naturally strong evidence of dominant vortex pinning on extended out-of-plane pins in HTS epitaxial thin films. However, recently Civale et al. have reminded us that the primary source of the J c ͑H , ͒ dependence variation is the anisotropic effective mass of carriers. 11 According to the anisotropic scaling approach, if pinning is provided only by an uncorrelated disorder ͑e.g., by random pointlike pins͒, the J c ͑H , ͒ dependence is determined by a single parameter H͑cos 2 + 2 sin 2 ͒ from the position at H ʈ c for vicinal films, depending on the relationship between the anisotropy factor and the "geometry" one. Such a relationship reflects a misalignment of vortices ͑i.e., induction B͒ with respect to the external field H: 15 where d and w are the film thickness and width ͑geometry͒, respectively, and B is the angle between the magnetic induction vector and the film c axis. Silhanek et al. have observed the effect of misalignment for thick YBCO films at weak and intermediate fields ͑up to 2.5 T͒. 15 Such a controversy of observed experimental results is particularly important to be clarified for finding an optimal approach to enhance the critical current density in RBa 2 Cu 3 O 7−␦ materials ͑R is a rare-earth element͒, which can be used, for example, for the development of coated conductors. 14, 15 We have analyzed numerous experimental results of our previous studies, [16] [17] [18] in which a dominant contribution of extended linear defects to vortex pinning and critical current in YBCO films had become apparent, and developed a consistent model presented in this work. The out-of-plane edge dislocations, emerging during the epitaxial growth of YBCO films and forming low-angle tilt domain boundaries ͑LAB's͒ between single-crystal domains, appear to be the most effective pins for Abrikosov vortex line lattice ͑VLL͒. We show that there is no contradiction between our model and the absence of an observed maximum at H ʈ c of J c ͑H = const, ͒ dependences at low applied field. Moreover, the model is actually in good agreement with this observation. The present study is aimed at clarifying completely the character and evolution of J c ͑H , ͒ dependences in highquality YBCO films in a wide range of orientation angles and magnetic fields.
II. EXPERIMENT

A. Deposition of epitaxial YBa 2 Cu 3 O 7−␦ films
Thin quasi-single-crystal YBCO films ͓d ഛ, where = ab ͑T͒ is the London penetration depth͔ are deposited by off-axis dc magnetron sputtering ͑OMS͒.
The OMS technique and the pulse laser deposition ͑PLD͒ are known from our previous studies 3 to allow manufacturing quasi-single-crystal epitaxial YBCO films with the crystal c axis aligned perpendicularly to the film surface. A specific nanoscale network of LAB's is being formed in the film during the deposition process. The LAB's are more or less regular rows of edge dislocations ͑called occasionally "subgrain boundaries" or "dislocation walls"͒. The typical misalignment angle between neighboring domains does not exceed 1°. The characteristic domain size is 30-300 nm depending on the substrate, buffer layer, film thickness, deposition temperature, and other conditions. The YBCO is deposited at 720-740°C in 3:1 Ar/ O 2 mixture onto r-cut single-crystal sapphire substrates with a 25-30-nm-thick CeO 2 buffer layer deposited by rf on-axis magnetron sputtering. The growth regime of the OMS technique is much closer to a thermodynamic equilibrium comparatively with PLD. Therefore, the film growth rate during OMS of 0.01-0.02 nm/ s is lower by an order of magnitude than during PLD. The structure of OMS films is much more perfect due to the quasiequilibrium growth; that is, the density of dislocations and stacking faults is also usually lower by an order of magnitude. The average density of out-of-plane edge dislocations in 300-nm-thick OMS films is about 10 10 cm −2 .
B. Measurement techniques of the critical current density
The critical current density J c ͑T , H , ͒ in YBCO films is measured by three techniques: ͑1͒ superconducting quantum interference device ͑SQUID͒ magnetometry, ͑2͒ ac lowfrequency magnetic susceptibility, and ͑3͒ the four-probe transport current technique.
The magnetization as a function of temperature T and applied magnetic field was measured using a Quantum Design MPMS SQUID in the field range of ͉H͉ ഛ 5 T and temperature range of 5 ഛ T ഛ 80 K. The critical current was calculated from the width of magnetization loops ͑⌬M = ͉M + ͉ + ͉M − ͉ ͉͑M + ͉ and ͉M − ͉ are descending and ascending branches, respectively͒ using the critical-state model formula J c =2⌬M / ͕w͓1−w / ͑3l͔͖͒, where l is the sample length. The field dependences of the critical current measured by SQUID at different temperatures are shown in Fig. 1 . It is clearly seen that the plateau regions extend to 0.02-0.10 T depending on the temperature.
The transport J c measurements are carried out by a fourprobe technique ͑the electric field criterion E c =1 V/cm͒ using 0.25-mm-wide bridges made by conventional photolithography. The data obtained at 77 K coinciding by an order of magnitude with the SQUID measurements are shown in Fig. 1 for comparison.
The inductive contactless technique of J c measurements is based on the recording and analysis of the imaginary part Љ of the low-frequency magnetic susceptibility on the amplitude h ac of the alternating magnetic field ͑937 Hz͒ applied perpendicularly to the film. There should be a maximum of the Љ͑h ac ͒ dependence at a certain h ac = h m . 19 The relationship between J c and h m for the disk samples is J c = 1.03h m / d. This relationship is shown also to describe well enough the results for other film geometries-for instance, a square. 20 The amplitude h ac varies in the range of 0.001-5 mT. The Љ maximum is determined using a second-order polynomial approximation of Љ͑h ac ͒ in the maximum vicinity. The relative error of the h m and J c determination does not exceed 5%.
The dc magnetic field is applied by an electromagnet with an iron yoke ͑0.002-1.1 T͒. A special sample holder with pairs of modulating and measuring coils, as well as a film sample fixed together with the coils, can rotate with respect to the applied field by 360°, preserving the film position regarding to the coil system axis. Thus, only the angle between the dc field and the film plane varies with a precision of ±0.25°. The ac magnetic field is always perpendicular to the film plane. This means that induced currents are circular and have parallel and perpendicular components with respect to the applied dc magnetic field. Therefore, such a measurement technique appears to differ from the transport measurements of J c ͑H , , ͒, because the angle between the current direction and the dc field rotation plane is indefinite. However, taking into account that J c ͑H , ͒ dependences for = 0 and 90°are quite similar to each other and they may differ only a bit quantitatively, 14 the J c ͑H , ͒ dependences obtained by the inductive technique are expected to describe correctly the principal features of the dependence of J c , in particular those connected with parallel vortice penetration into a thin film.
III. J c "H… AT TRANSVERSE AND LONGITUDINAL FIELDS
A. Transverse field
The J c ͑H ʈ c͒ dependences at very low fields were studied in perfect YBCO films in Refs. 16, 21, and 22. The J c ͑H ʈ c͒ curves-i.e., H Ќ ab-were shown to have a plateau at H Ͻ H m Ќ , where the critical current is approximately constant ͑Fig. 1͒. The plateau length H m Ќ is decreasing with increasing temperature. The following J c ͑H͒ decrease in the range 0.5Ͻ J c ͑H ʈ c͒ / J c ͑0͒ Ͻ 0.9 may be fitted well by the simple relationship
where ␣ is an almost-temperature-independent parameter in the range of 0.20-0.25 for different samples. 16, 17 The characteristic magnetic field H * = H m Ќ e 1/␣ depends linearly on the reduced temperature =1−T / T c . Such a character of J c ͑H ʈ c͒ dependences can be comprehended in a relatively simple statistical model 16, 17 of VLL pinning on chains ͑rows͒ of parallel out-of-plane ED's, which form tilt LAB's between singlecrystal domains randomly distributed by size.
Two competing mechanisms of the J c limitation are considered in Refs. 16 and 17. The first one is a suppression of LAB transparency for supercurrent flow across a LAB with a relatively high misalignment angle ͑5°-7°͒. For such LAB's the superconducting "windows" separated by normal metal or dielectric dislocation cores ͑Fig. 2͒ are shrinking inversely proportional to the misalignment angle. The second one is collective depinning of the vortex lattice from a random ensemble of ED's. The critical current is determined by the mechanism providing a lower value at the given set of parameters. A sharp transition from the plateau to the logarithmic decrease of J c ͑H͒ observed in Refs. 16 and 17 for PLD YBCO films on ͑100͒ LaAlO 3 substrates is suggested to be a fingerprint of the crossover between the LAB transparency mechanism in the low field range corresponding to the J c plateau and the collective depinning mechanism for higher magnetic fields. In a contrast, J c ͑H͒ dependences for highly perfect YBCO films, deposited by OMS onto single-crystal r-cut sapphire substrates buffered with a CeO 2 layer and studied in the present work, are shown to be governed by the collective depinning mechanism even at the lowest field range.
Low field
A transverse magnetic field penetrates into a thin type-II superconducting film as Abrikosov vortices starting from 23 where H c1 is the first critical field for the bulk superconductor. The mean density of vortices is n v = H / 0 -that is, the magnetic induction within the film B Ϸ H-because the film demagnetization factor is almost unity at w ӷ d.
ED's are suggested to be the major pinning centers for Abrikosov vortices in the epitaxially grown YBCO films 16, 17, 24, 25 and probably in some other HTS cuprates. The growth-induced ED's are perpendicular to the film plane ͑i.e., parallel to the crystallographic c axis for a c-axis-oriented film͒, threading the film throughout its whole thickness. The ED's are assumed to be the most effective vortex pins in epitaxial YBCO films since the radius of their normal core, r 0 , appears to be very close to the coherence length. Moreover, the density of the "threading" ED's parallel to the vortices is proved to be extremely high and can exceed 10 11 cm −2 .
25
Estimations of the maximum pinning force 12, 26 give the highest achievable value of about f pin max Ϸ 0 / ab for low enough temperatures, at which r 0 Ϸ ab ͑T͒ ( ab ͑T͒ = ab ͑0͒ −1/2 , 0 = ͓ 0 / ͑4͔͒ 2 is the characteristic vortex energy). 
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At higher temperatures, where r 0 2 Ӷ ab 2 ͑T͒, the energy of a vortex uniformly displaced from the center of the dislocation core by a distance u can be expressed as
Deriving by u, the force of a single vortex core pinning,
Thus, neglecting the proximity effect between the dislocation core and its vicinity, the maximum pinning force reached at u = ͱ 2 / 3 is determined by the expression 26 f pin max = 9 32
At high temperatures ͑T → T c ͒-that is, at → 0-when ab ͑T͒ becomes larger than the distance d between neighboring dislocations in a LAB, the pinning force is highly anisotropic with an almost free vortex sliding along the LAB's and a finite pinning force in the transverse direction. If the nanostructure of the LAB's is well ordered and has a preferential in-plane direction of the dislocation walls, an anisotropic pinning could result in the anisotropy of the critical current density. For a disordered ensemble of ED's or a random LAB network the single-vortex pinning on ED cores is supposed to determine the J c value in accordance with the obvious relationship
Higher fields
Let us consider now the vortex pinning mechanism at higher magnetic fields-i.e., above the low-field J c plateau. As the applied magnetic field is increased and the distance between vortices a = ͱ 0 / H is reduced, the interaction between vortices and, therefore, the tendency to form a regular vortex lattice should be taken into account.
We suppose for simplicity that all pins ͑out-of-plane ED cores͒ are identical and their mean density n d over the film area is much higher than the vortex density n v . The condition n v Ӷ n d is valid for an applied field of up to 2 T, provided that the average density of ED's is n d Ϸ 10 11 cm −2 , so that the average distance between dislocations is r d Ϸ 3 ϫ 10 −6 cm. However, if the out-of-plane ED's are assumed to be located primarily within LAB's separating single-crystal domains in accordance with high-resolution electron microscopy ͑HREM͒ data, 27,28 the real distance d between neighboring ED's along the LAB should be much shorter than r d =1/ ͱ n d . Then, the condition d Ӷ a should be realized in a much broader field range. For a LAB with misalignment angle = 2°and d͑͒Ϸ10 −6 cm the condition remains valid up to 20 T.
In order to determine the critical current density in a film with a random network of LAB's, assuming that vortices and dislocations appear to be parallel to each other, the free energy loss due to the elastic distortion of VLL in the presence of linear defects has to be compared with the energy gain due to vortex pinning. Vortices should be pinned at their least possible deviations from equilibrium positions corresponding to nodes of the ideal triangular VLL. The repulsion of vortices changes essentially on the scale of . The vortex interaction with pinning sites is significant on the scale of ͓Eq. ͑2͔͒. Since / = ӷ 1 ͑ Ϸ 100 for YBCO͒, the interaction between dislocation cores and vortices may be approximated on a larger scale ͓ and/or a͑H͔͒ as pin ͑u͒ = pin ͑0͒␦͑u͒ and vortices may be assumed to have two definite states: pinned with pin = pin ͑0͒ and unpinned with pin = 0. In other words, the energy gain due to vortex pinning in the equilibrium state should be greater than the energy loss due to VLL strain. It is quite natural that a number of vortices remain unpinned and are in a space free of ED's-i.e., inside the single-crystal domains. The density of pinned vortices, n p , is determined ͑i͒ by the density and spatial configuration of the pinning centers ͑i.e., ED cores͒ within a random network of LAB's, ͑ii͒ by the temperature or, more exactly, by the temperaturedependent pinning energy, and ͑iii͒ by the field-dependent VLL constant a. The ratio n p ͑H , T͒ / n v ͑H͒-i.e., the accommodation function of distorted VLL pinned by an ensemble of ED cores-is a key characteristic of the proposed model. If there is a macroscopic current in the superconducting film, the distorted VLL is essentially rearranged. The main assumption of the model is that the accommodation function averaged over a certain macroscopic area is invariant in the presence of an applied current. Redistributed free vortices with concentration n v − n p remain at their positions due to the electromagnetic interaction with neighboring vortices pinned by ED cores. The vortices could be rigidly pinned as a lattice if the total Lorentz force F L = n v f L = n v 0 j / c is compensated by the total pinning force F pin = n p f pin , where n p ͑H , T͒ corresponds to the equilibrium without current.
Thus, the condition of collective depinning of distorted VLL from a statistical ensemble of identical pins ͑ED cores͒ determining the critical current density can be written as
The maximum pinning force is given here by Eq. ͑4͒. The ratio n p ͑H , T͒ / n v ͑H͒ ͑accommodation function͒ is the only unknown variable for obtaining the magnetic field and temperature dependences of J c .
The positive energy d of the VLL elastic strain arising when a vortex line is displaced as a whole from its equilibrium position in VLL by a small distance ␦ can be described by introducing the VLL elastic shear modulus C 66 ͑Ref. 12͒:
On the other hand, the maximum absolute value of the negative potential energy for pinning on normal ED cores at the vortex displacement u =0 is 12, 26 PAN et al.
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The vortex pinning is energetically beneficial if the condition v ϵ d + pin Ͻ 0 for the vortex energy is fulfilled.
Thus, the critical value of the vortex displacement ␦ c , up to which the vortex remains pinned in the potential well of the ED core, is
If ␦ c is much larger than the distance between ED's along the LAB ͓d͑͒Ϸb / , where b is the Burgers vector modulus͔, ␦ c should characterize the distance from the node of equilibrium VLL to the nearest LAB between domains. On the other hand, if the mean linear domain size ͗L͘ ӷ d͑͒, the probability of vortex capture by one of the pinning centers should be equal to the product of probabilities of finding a VLL node inside the domain of a certain size and shape and the probability of finding it at a distance ␦ closer than ␦ c from the domain boundary ͑Fig. 3͒. For simplicity we suppose that all domains are randomsize squares distributed by their size L as a certain statistical function P͑L͒. The normalized ⌫ distribution may be used: 29
where is the dispersion of the domain size distribution function around the mean value ͗L͘. Then, the density of probability for a node of distorted VLL to get into a domain of linear size L is
The probability for a node to be in the ␦ c -wide stripelike zone along the LAB is equal to the ratio of the stripe area to the full domain area L 2 ͑Fig. 3͒-i.e.,
ͮ ͑13͒
Thus, according to Eq. ͑6͒ the critical current of VLL depinning J c depin ͑H , ͒ normalized by the critical current of single-vortex depinning in zero field,
is equal to the fraction of pinned vortices:
Taking into account Eq. ͑13͒ the following expression for the accommodation function is obtained:
where W͑L͒ is determined by Eq. ͑12͒. The effect of magnetic field is involved only through the dependence ␦ c ͑H͒ ϰ 1/ ͱ H. Integrating Eq. ͑16͒ for the ⌫ distribution,
where ⌫͑x͒ and ⌫͑x , ␣͒ are complete and incomplete Euler's ⌫ functions. The calculated n p / n v dependences on the dimensionless parameter h = ͓ / ͑2␦ c ͔͒ 2 are plotted in Fig. 4 for different values corresponding to different relative widths of the do- main size distribution ͓Eq. ͑11͔͒. The dependences well describe the measured J c ͑H͒ for epitaxial YBCO films in a wide field range. It is worth noting that the whole film area cannot be filled homogeneously with square domains arbitrarily distributed by size. The simplest complete filling can be achieved using rectangular domains with independent random distributions of their two dimensions L x and L y . The total distribution can be described by the product of P͑L x ͒ and P͑L y ͒ functions in the form of Eq. ͑10͒. In this case, the probability of vortex capture by one of the dislocation potential wells in the boundary of the L x ϫ L y domain is
where L min = min͑L x , L y ͒. The fraction of pinned vortices is
͑19͒
In spite of the essential difference between analytical expressions ͑17͒ and ͑19͒, the corresponding field dependences turn out to be very similar for the same value. The discrepancy of the curves at the inflection point does not exceed 5%. This means a comparatively weak effect of domain shape on the field dependence of the critical current density.
The discretion of LAB's, which consist of dislocations with normal cores separated by the distance d, should be taken into account for a good quantitative description of the experimental J c ͑H͒ curves at an applied field above 1 T. 18, 22, 30 This can be done by introducing a geometrical factor f(d / ͑2␦͒),
into the probabilities ͑13͒ and ͑18͒. In the case of rectangular domains the expression for n p / n v should be as follows:
͑21͒
It is easy to see that at low fields ͑␦ → ϱ͒ the geometrical factor ͓Eq. ͑20͔͒ tends to unity and Eq. ͑21͒ is reduced to Eq. ͑19͒. At higher fields Eq. ͑21͒ provides an asymptotic behavior J c ϰ H −1 consistent with the experimental data.
18,22
The critical current normalized by the plateau value follows from the model to depend on the magnetic field and temperature only through the parameter ␦ ϰ ͑ / H͒ 1/2 . This means that J c ͑H ʈ c , T͒ / J c ͑0,T͒ should be invariant upon ␦;
i.e., the plots of normalized J c versus H / ͑H 0 ͒ for different fixed temperatures must coincide ͓the characteristic field H 0 is introduced for convenience from the condition 2␦ ϵ ͑2␦ / ͗L͒͘ ϵ ͑H 0 / H͒ 1/2 -i.e., H 0 =8r c 2 0 / ͑ 0 2 ͗L͘ 2 ͒, where r c is the radius of nonsuperconducting dislocation core͔. This is the case with good precision for the data shown in Fig. 1 . The experimental data have been fitted by Eq. ͑21͒ with H 0 , and d / ͗L͘ chosen as independent parameters ͑Fig. 5͒. A slight deflection from the universal fit for high temperatures and fields is observed. This may be caused by a flux creep, 12 since the creep rate is increasing with temperature and decreasing with critical current.
The value of Ϸ 12 obtained by the fitting procedure corresponds to a rather narrow domain size distribution. The parameter ␣ = ‫ץ‬ ͓J c ͑H͒ / J c ͑0͔͒ / ‫ץ‬ ln͑H 0 / H͒ at the inflection point is estimated to be 0.25, which is higher than in Ref. 17 The domain size distribution can be also derived from the Fourier coefficients of the x-ray reflection profile in an appropriate direction-that is, with a nonzero component in the ab plane. The original line shape is taken into account by a reference reflection ͑for example, from the sapphire substrate͒. Lattice strains can be excluded by recording two orders of the same reflection. In particular, we used ͑1 0 6͒ and ͑2 0 12͒ reflections. According to the Warren-Averbach ͑WA͒ procedure 31 the domain size distribution is proportional to the second-order derivative of the Fourier transformation of the x-ray diffraction line profile. Unfortunately, the WA procedure suffers from very high sensitivity to spurious oscillations of the transformation, which lead to doubtful oscillations of the distribution curves. Therefore, in order to compare the domain size distribution extracted from x-ray data with that obtained from the field dependence of the critical current we fitted the first derivative of the Fourier transformation to the predicted one in the assumption of a ⌫ distribution using a conventional simplex procedure. Taking into account the model roughness, the obtained values Ϸ 8 and ͗L͘ = 220 nm are in sufficient agreement with estimations from magnetic measurements.
B. Longitudinal field
The J c ͑H ʈ ab͒ dependences shown in Fig. 6͑a͒ are measured for the OMS YBCO film ͑K2͒ by the ac magnetic susceptibility technique and using a Clem-Sanchez analysis of Љ͑h ac ͒ data. 19 Similar results are obtained for another OMS YBCO film ͑K6300͒ by the transport four-probe technique ͓Fig. 6͑b͔͒.
The J c ͑H ʈ ab͒ dependences for parallel ͑longitudinal͒ fields also reveal a plateau at H Ͻ H m ʈ ͑Fig. 6͒. However, the following important peculiarities should be noted.
͑i͒ The J c ͑H ʈ ab͒ at the plateau appears to be exactly equal to J c ͑H ʈ c͒.
͑ii͒ The J c ͑H ʈ ab͒ plateau is much longer than for H ʈ c-i.e., H m ʈ Ͼ H m Ќ . ͑iii͒ A J c ͑H ʈ ab͒ enhancement ͑peak effect͒ is observed for the most perfect films at 77 K just above the plateau and before the following J c ͑H͒ decrease.
͑iv͒ The peak effect disappears and the J c ͑H ʈ ab͒ decreasing branch above H m ʈ shifts towards the J c ͑H ʈ c͒ dependence after thermal cycling-i.e., heating up to 300 K and cooling down to 77 K.
͑v͒ The J c ͑H ʈ ab͒ decrease following the plateau is much steeper than for H ʈ c.
͑vi͒ The steeper decrease of J c ͑H ʈ ab͒ results in a crossing of the J c ͑H , =0°͒ and J c ͑H , =90°͒ dependences at a certain characteristic field H cr .
The curves plotted by solid symbols in Fig. 6 and both curves in Fig. 6͑b͒ are measured for as-grown YBCO films. The critical current density for the K2 film after several thermal cycles between 300 K and 77 K is shown in Fig. 6 with open symbols. The J c ͑H ʈ ab͒ dependences essentially change after thermal cycling. The plateau length H m ʈ decreases and the maximum disappears. In a contrast, the J c ͑H ʈ c͒ dependence remains unchanged.
The J c ͑H ʈ ab͒ peak effect and its disappearance after thermal cycling can be comprehended by consideration of the surface barrier ͑similar to the well-known Bean-Livingston barrier͒ preventing entry and exit of vortices parallel to the surface of superconductor. The thermal cycling is supposed to result in film surface degradation and hence in surface barrier reduction. The surface degradation affecting only a thin surface layer is unable to deteriorate substantially the transport properties of the film as a whole, but it may result in the disappearance of the J c maximum. The influence of the film surfaces on film properties is considered in more detail in the Discussion.
C. Arbitrarily inclined field
The J c ͑H͒ dependences in an external dc field applied at an arbitrary angle to the c axis also reveal a J c plateau at H Ͻ H m ͑͒. This observation does not depend on the measurement technique. A few very interesting peculiarities of the J c ͑H͒ behavior should be noted. ͑i͒ The plateau length H m ͑͒ may increase from H m Ќ to H m ʈ with in accordance with the change of the perpendicular field component H Ќ = H cos . ͑ii͒ Figure 7 shows that for a wide range of angles ͑0 Ͻ Ͻ 60°-70°͒ and fields ͑H m Ќ Ͻ H Ͻ H m ʈ ͒ the J c ͑H͒ curve should be well described by a logarithmic law similar to Eq. ͑1͒ if the applied field H is substituted by its perpendicular component H Ќ . ͑iii͒ For OMS YBCO films with a very smooth surface the J c ͑H ʈ ab͒ peak effect is observed in a rather wide range of angles near = 90°at fields higher FIG. 6 . ͑Color online͒ J c ͑H͒ dependences at 77 K for parallel and perpendicular applied fields for 300-nm-thick OMS YBCO films ͑a͒ K2 measured by the ac magnetic susceptibility technique and ͑b͒ K6300 measured by the four-probe technique. FIG. 7 . ͑Color online͒ J c ͑H͒ dependences for the OMS film K34-2 ͑32 nm thick͒ for various magnetic field orientations, measured ͑symbols͒ and recalculated according to Eq. ͑22͒ ͑solid curves͒.
than the field of longitudinal vortex entry, H c1 ͑͒. ͑iv͒ For YBCO films with a degraded surface-i.e., without a peak effect-the J c ͑H ʈ ab͒ dependence may be scaled for an arbitrary angle in the field range H m ʈ Ͻ H ʈ Ͻ H cr by the empirical relation
where H ʈ = H sin . Thus, the effects of transverse and longitudinal field components on the critical current seem to be independent and may be well described by the mechanism of prevailing pinning on out-of-plane ED's. Such a scaling is likely caused by a finite tilt stiffness of vortices. Indeed, above a certain threshold field H p ͑͒, which depends on the field orientation, the vortex lines deflect from their initial positions parallel to dislocations. Vortex ends bend under the action of Lorentz force arising due to the Meissner current, which is induced by the longitudinal component of the magnetic field ͑Fig. 8͒.
The independent influence of transverse and longitudinal field components is well confirmed by comparing the measured field dependences J c ͑H , 0,90°͒ without a peak effect with the recalculated ones from J c ͑H , =0͒ and J c ͑H , =90°͒ by Eq. ͑22͒ ͑Fig. 7͒.
IV. ANGLE DEPENDENCE OF J c "H…
The question to be answered is why the J c ͑͒ behavior in YBCO films at a constant applied field appears to be very controversial and could not be consistently understood earlier. Indeed, it is known that different authors presented quite different results on the J c ͑͒ behavior, showing either one maximum at = 90°and no maximum at =0 6, 32 or two maxima at = 0 and = 90°. 4, 25, 33 The absence of a J c maximum at = 0-i.e., at H ʈ c-in a number of experimental works was considered as unambiguous evidence against the ED pinning model. We are showing in this work that one or two maxima of J c ͑͒ dependences can be easily observed experimentally under different experimental conditions for the same YBCO film. Furthermore, the different J c ͑͒ behavior appears to be comprehensible only in our model of vortex pinning on normal cores of out-of-plane ED's, taking into account not only the magnetic field value, but also the thickness and surface roughness of YBCO films.
At sufficiently low field H Ͻ H m Ќ there should be no angle dependence of the critical current because of equal plateau levels J c ͑H , ͒ = J c ͑0͒. In the field range H m Ќ Ͻ H Ͻ H m ʈ the angle dependence arises and it is governed solely by the field component perpendicular to the surface in accordance with Eq. ͑22͒, because the parallel field component is naturally less than H m ʈ and J c ͑H ʈ , =90°͒ = J c ͑0͒. H Ќ is decreasing with rising and, therefore, J c ͑H = const, ͒ is increasing according to Eq. ͑22͒ and the monotonic decreasing dependence of J c ͑H , =0͒ ͑Fig. 6͒. Recalculation of J c ͑H Ќ ͒ to the dependence on results in a monotonic curve with a maximum at H ʈ ab and a minimum at H ʈ c. So an increase of results in an effective decrease of magnetic field or, more exactly, magnetic induction ͑vortex density͒ in the film. The decrease leads to a shift of experimental curves toward higher fields and to a longer plateau at Ͼ 0.
At H ʈ Ͼ H m ʈ J c ͑H͒ according to Eq. ͑22͒ the steep decrease of J c ͑H , =90°͒ results in a second maximum of the angle dependence at = 0 observed for thicker films ͑d ജ͒ and a degraded surface ͑Fig. 9͒. The maximum becomes more pronounced at higher applied fields, while the maximum at = 90°becomes smaller but sharper. The heights of the two maxima equalize at the field at which J c ͑H ʈ c͒ and J c ͑H ʈ ab͒ plots are crossing over ͑Fig. 6͒ ͑0.3 T for the degraded K2 film͒. At H = 0.7 T the peak at H ʈ c is still observable, whereas in the vicinity of = 90°J c appears to be less than 10 kA/ cm 2 and cannot be measured by the ac magnetic susceptibility technique with sufficient accuracy.
In the intermediate-field range J c ͑͒ exhibits a hysteretic behavior in the vicinity of = 90°͑0.3 T, Fig. 10͒ . After field cooling at = 90°and field rotation to = 0°and backwards the measured critical current at 90°reaches a lower value. Such a hysteresis is supposed to occur due to strong pinning on ED's.
V. DISCUSSION
As mentioned above, the model of vortex pinning in YBCO films proposed in Refs. 16-18 and present work is based on the dominant role of out-of-plane linear defects ͑e.g., edge dislocations͒. Rows of ED's form low-angle boundaries, which in turn form a nanostructure network in the films. However, the controversial absence of a J c ͑͒ maximum at H ʈ c in a certain field range in some experiments 6 led to ruling out this dislocation model. The main objective of this work is proving that the dislocations do play a major role in spite of a maximum absence at = 0. We have clearly shown that the J c maximum at H ʈ c does not appear only in the low field range ͑Fig. 9͒. This observation does not contradict our model, but complements the description of vortex pinning for any field direction and magnitude. It should be noted that the plateau value J c ͑H → 0͒ is determined by pinning of a single vortex parallel to the c axis. Such vortices always exist in films due to a high demagnetization factor. 21 The mechanisms of J c ͑H͒ decreasing above the plateau are essentially different for = 0 and = 90°. The H m Ќ value for = 0 is determined by the VLL accommodation function at the ED ensemble and can be rather low for perfect films with large single-crystal domains. For = 90°, H m ʈ Ϸ H p ͑0͒ is determined by surface Meissner currents induced by the parallel field, which deflect the ends of all vortices from dislocation cores and reduce the total pinning force. The field at which the Meissner current at the film surface is equal to the critical current in zero field ͑or at the plateau͒ is 33
The ʈ , in which both field components suppress the critical current independently ͓Eq. ͑22͒, Fig. 7͔ , being conceived through the accommodation function for out-of-plane vortices and the decrease of pinned vortex lengths because of the Meissner current, respectively. Here, H c1 curves for the K2 film and interpolated. There is only the J c ʈ ab maximum at low fields H Ͻ H m ʈ . The field increase above H m ʈ ͑0.3 T͒ leads to the emergence of another maximum at J c ʈ c. At the further field increase the maximum at J c ʈ ab is sharpening and its height is reducing. The J c ͑H ʈ ab͒ shows hysteretic behavior. Therefore, the peak height and width change depend on the angle history. When the field rises well above H cr , the maximum at J c ͑H ʈ ab͒ disappears. Thus, the field dependences crossing and disappearance of the peak effect are shown to have the same origin: the film surface roughness, which suppresses the surface barrier for entry and exit of longitudinal vortices and, as a matter of fact, facilitates the entry of transverse vortices.
The hysteretic behavior of J c ͑ =90°͒ at H Ϸ H cr can be explained by a decrease of the number of parallel vortices after field rotation to the normal orientation and backwards. The surface barrier prevents entry of the longitudinal vortices, which are responsible for the electromagnetic pinning mechanism, but they have a chance to enter easily during the field rotation.
VI. CONCLUSIONS
Supercurrent transport phenomena are studied in epitaxial c-axis-oriented thin films of the HTS cuprate YBa 2 Cu 3 O 7−␦ with high J c ͑77 K͒ Ϸ10 6 A/cm 2 by the four-probe transport technique, low-frequency ac magnetic susceptibility, and SQUID magnetometry. The complete self-consistent model of vortex pinning and supercurrent limitation is developed and discussed on the basis of transport current and magnetic measurement results. Rows of growth-induced out-of-plane edge dislocations forming low-angle boundaries are shown to play a key role in supercurrent transport phenomena. The evolution of angle dependences J c ͑͒ with H is shown to be consistent with the model-i.e., with the dominant pinning on edge dislocations. New phenomena, the peak effect on J c ͑H ʈ ab͒ curves and the angular hysteresis of J c ͑͒, are observed in the intermediate field range and discussed in terms of film thickness, surface quality, and orientation of the applied field. Thus, the following features are shown for the first time.
͑i͒ The absence of a J c ͑H ʈ c͒ maximum of angle dependences does not contradict the dislocation pinningtransparency model. Moreover, the effect appears to be explained consistently by the model taking into account that only a perpendicular field component can enter the film at H Ͻ H p .
͑ii͒ There is a threshold field H p , above which vortex ends are bending under the action of the Lorentz force due to the surface Meissner current and, hence, the longitudinal field component is emerging. The J c ͑H = const, ͒ dependence turns out to reveal the maximum at H ʈ c only starting from the threshold field-i.e., at H Ͼ H p .
͑iii͒ The peak effect-i.e., J c ͑H ʈ ab͒ increase-is observed just above H m ʈ . The peak effect is assumed to be due to the surface barrier, which additionally pins parallel vortices, which try to escape from the film under the action of Lorentz force directed perpendicular to the film surface.
͑iv͒ The entry and exit of parallel vortices in YBCO films with a rough surface-i.e., manufactured by the PLD technique or degraded after thermal cycling 300 77 K-are essentially facilitated and the peak effect is gradually disappearing.
͑v͒ The emergence of a single J c ͑͒ peak, either at H ʈ c or at H ʈ ab, or two peaks at both orientations of the applied field is determined not only by the film nanostructure, but also by the value of the applied magnetic field, the film thickness, and the film surface state.
͑vi͒ The angle dependence of the critical current exhibits a hysteretic behavior in the vicinity of H ʈ ab, that is, J c ͑H , ͒ depends on the way the particular state is achieved. The hysteresis arises due to the surface barrier for entry and exit of parallel vortices.
